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The ~1.8 billion years old North China Craton (NCC) has been thermally rejuvenated during the Mesozoic,
experiencing two major phases of crustal extension and volcanism since then. The earlier phase of
extension, lasted from middle Mesozoic to early Cenozoic, was widespread in eastern NCC and accom-
panied with extensive volcanism. The later phase of extension, started in late Cenozoic and is active
today, has been localized around the Ordos block, a residual core of the NCC, with limited volcanism.
Here we investigate the causes of the NCC extension using finite element method. Numerical results
indicate that the diffuse and closely-spaced extension during Mesozoic and early Cenozoic requires a thin
and weak lithosphere, which supports the notion of significant lithospheric thinning under the eastern
NCC, perhaps by delamination or thermal erosion of the lithospheric root. The western NCC, including
the Ordos block, was largely spared by this phase of extension. The late Cenozoic extension around the
Ordos block is commonly attributed to the Indo-Asian collision and mantle flow under eastern NCC. Our
numerical results show that, regardless of the causing mechanism, a relatively thick and strong litho-
sphere is needed for the localized extension in western NCC, and preexisting weak zones in the litho-
sphere is a necessary condition for localized rifting around the Ordos. This preexisting lithospheric
weakness is most likely inherited from the amalgamation of the NCC basement ~1.8 billion years ago. The
late Cenozoic circum-Ordos rifting thus illustrates the control of ancient continental structures on recent
tectonics.
© 2018 Institute of Seismology, China Earthquake Administration, etc. Production and hosting by Elsevier
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The North China Craton (NCC) was formed 1.8 billion years ago
by collision and amalgamation of the Eastern andWestern blocks of
Achaean continents [1]. Since its formation the NCC had been
tectonically stable till the Mesozoic, when its eastern part experi-
enced widespread extension and volcanism [2e4], producing many
rift basins in eastern China including the petroleum-rich Bohaieismology, China Earthquake
Dr., Houston, TX 77072 USA.
vier on behalf of KeAi
quake Administration, etc. Product
ttp://creativecommons.org/licenseBasin [2,5]. This phase of extension waned during early to middle
Cenozoic, and was followed by broad subsidence that has led to the
development of today's flat, low-lying North China Plain [6,7].
The western part of the NCC, including the Ordos block that
constitutes the major part of the Western block when the NCC was
assembled [8], was spared by the Mesozoic and early Cenozoic
extension. However, during the late Cenozoic, localized extension
developed around the Ordos block, with limited volcanism. The
best-developed rift system is the Shanxi Graben along the eastern
margins of the Ordos [9,10], where many large (~M 8.0) earth-
quakes occurred in the past 2000 years [11,12].
The thermal rejuvenation and extension of the NCC raise some
important questions: 1) What destabilizes a craton?. Most cratons
have been tectonically stable through the long history of conti-
nental tectonics. This stability is usually attributed to their buoy-
ancy, arising from the depleted composition in the cratonic mantle
lithosphere, and their high viscosity due to combined thermo-
chemical effects [13e16]. However, some cratons, such as the NCC,ion and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an
s/by-nc-nd/4.0/).
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tion is not well understood but of great importance to the evolution
of continents. 2) What caused the contrasting styles of extension in
eastern and western NCC? The diffuse extension in eastern NCC has
been associated with mantle thermal perturbations that may be
related to the collision between the North and South China blocks
in the Mesozoic, delamination or thermal erosion of the NCC lith-
ospheric roots, and retreating of the subducting Pacific plate along
the eastern margin of the Asian continent [3,4,17,18]. The late
Cenozoic extension has been explained by the far-field stress, or
tectonic extrusion, arising from the India-Eurasian continental
collision [19,20], or a regional extensional stress field associated
with the plate boundary condition in eastern Asia [21,22], or basal
traction of subduction-induced mantle circulation [23,24].
In this study we use finite element modeling to investigate the
rheological structures of the lithosphere necessary to produce the
two distinct phases of extension in NCC. We show that the diffuse
Mesozoic - early Cenozoic extension in eastern NCC requires aweak
and thin lithosphere, whereas the localized late Cenozoic extension
around the Ordos indicates a strong and thick lithosphere with
preexisting lithospheric weakness under the rift zones.2. Geological background
The basement of the North China Craton was welded together
1.8 billion years ago from collision and amalgamation of two pieces
of Achaean continents, called the Eastern and Western blocks,
respectively [1]. The collision zone is called the Trans-North China
Orogen, which includes the basement of today's Shanxi Graben and
the Taihang Mountains (Fig. 1) [1,25].
The NCC remained relatively stable in the subsequent tectonic
evolution till the Mesozoic, when its eastern part experienced
widespread extension and volcanism [6,26,27]. This phase of
extension producedmany rift basins in eastern China, including the
1100-km long and 400-km wide Bohai Basin [5,28] that covers
much of eastern North China. The petroleum-rich Bohai Basin
consists of a series of grabens and half grabens formed by ENE-
WNW trending normal and strike slip faults (Fig. 2) [5]. Strati-
graphic data indicate that the Bohai Basin formed from the early to
middle Cenozoic [6,29].
The magnitude of extension across the Bohai Basin is 10e30%,
based on balanced cross-sections restoration and estimation from
tectonic subsidence [6,30]. Normal faults are recognized all over the
Bohai Basin. The cross section along the middle of the Bohai Basin
shows that the extension formed a distributed rifting system, and
the spacing between the normal faults is approximately tens of
kilometers (Fig. 2b) [5].Fig. 1. Topographic map of North China and surrounding regions. The dashed lines
outline the approximate boundaries of the North China Craton. The dotted line in-
dicates the approximate location of the profile in Figs. 7e9.The Mesozoic-early Cenozoic extension was associated with
basaltic volcanism that was widely distributed in eastern North
China [31,32]. High heat flow (~80 mW/m2) during early Cenozoic
was inferred from Cenozoic xenolith brought up by alkali basalt
[33]. The voluminous early Tertiary basalts and high heat flow
during early Cenozoic indicate abnormally thin (~60 km) litho-
sphere [33]. This is in sharp contrast to the >180-km thick litho-
sphere under eastern North China in early Mesozoic [33,34].
The cause of the thinning of eastern NCC lithosphere remains
poorly known. It could be related to theMesozoic collision between
the North and South China blocks, or the collision of the NCC with
the Siberian Block. These collisions could have caused delamination
or thermal erosion of a thickened and weakened NCC lithosphere.
Or it may be related to the ocean-ward retreat of thewestern Pacific
plate, which could have induced mantle up welling under North
China [4,17,35].
Extension and magmatism in eastern NCC waned in middle
Cenozoic. During late Cenozoic, eastern NCC subsided, filling the rift
basins with sediments to produce today's low-lying (elevation
200e500 m) and flat North China Plain [7,28,36]. This process
created a contrasting topography with the high-standing western
NCC. The topographic boundary between western and eastern NCC
is abrupt along the eastern flank of the Taihang Mountains (Fig. 1).
This boundary is also marked by the largest gradients of gravity in
east Asia, corresponding to large gradients of crustal and litho-
spheric thicknesses [37]. The upper mantle under the North China
Plain and the coastal regions is characterized by low seismic ve-
locity structures, which may be related to mantle flow above the
subducted Pacific plate [38e41].
During late Cenozoic, tectonic activity in NCC has been domi-
nated by localized rifting around the Ordos block, the Achaean core
of the Western Block of the NCC basement that was spared by the
Mesozoic extension. Extension in the western NCC started in the
Miocene, but most of the grabens were formed in the Pleistocene
[10,42]. The largest rift system is the Shanxi Graben that is 500-km
long and consists of a series of en echelon basins. Its southern end is
structurally connected with the Weihe Graben, and together they
are often referred to as the Weihe-Shanxi rift system. Other rifts
include the Yinchuan Graben on the northwestern side and the
Hetao Graben on the northern side of the Ordos. These rift systems
are also referred to as the Circum-Ordos Rifts (Fig. 1). This phase of
rifting is not accompanied with much volcanism; only limited
volcanism is found near the northern end of the Shanxi Graben [43].
Formation of the Circum-Ordos Rifts is generally attributed to
the far-field effects of the Indo-Asian collision, which may have
caused extension by the differentially eastward extrusion of the
North and South China blocks or rotation of the Ordos block [10,44].
Other speculated causes include mantle flow driven by the Indo-
Asian collision or convection induced by the subduction of the
Pacific plate. The goal of this study is to investigate the lithospheric
structures necessary for producing the contrasting extension styles
in eastern and western NCC, which would provide useful insights
into the causes of these two phases of lithospheric extension.
3. Numerical method
Long-term lithospheric deformation can be described by con-
tinuum mechanics. For incompressible media, the conservation of
mass can be written in the continuity equation:
V,v ¼ 0 (1)
where v is the velocity vector.
The momentum equation can be written in the form of force
balance, because the inertia term is negligible:
Fig. 2. (a) Structural map of the Bohai Basin, from [26]. The blue line indicates the location of the cross section shown in (b). (b) Cross section of the Bohai Basin, from [5].
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0
ij  Pdij þ rgi ¼ 0 (2)dxj
where s
0
ij is the deviatoric stress and P is pressure, r is density, gi is
gravity, dij is the Kronecker delta, and i; j ¼ 1;2 for the two
dimensional (2-D) model of this study.
Strain is related to stress through the rheology of rocks. Viscous
rheology is usually used in numerical models that simulate long-
term lithospheric tectonics. However, recent studies have shown
that plasticity is critical to simulate strain localization commonly
preserved in geological records [45e47]. Here we use the visco-
plastic rheology to approximate long-term lithospheric extension.
The plastic strain is calculated using the von Mises yielding
criterion:
ffiffiffiffi
J2
p
¼ C 0 (3)where J2 is the second invariant of the deviatoric stress
tensor, and C
0
is cohesion, or effectively the yielding stress of the
crust or lithosphere. Furthermore, we assume a linear strain-
softening:
C
0 ¼ ð1 aÞCinitial þ aCfinal (4)
where a ¼ minð1; ε=εoÞ is the finite strain and εo is the saturation
strain - beyond which no more softening takes place. In all results
presented here, the saturation strain is taken to be 0.5. Using
different values of saturation strain affects the absolute values but
not the general patterns of the calculated strain.
The governing equations describing the lithospheric extension
are solved using the open-source finite element code Gale,
developed and maintained by the Computational Infrastructure
of Geodynamics (www.geodynamics.org). Gale is developed for
simulating long-term tectonics.
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We developed forward models to investigate the rheological
structures of the lithosphere needed to produce the diffuse
Mesozoic-early Cenozoic extension in eastern NCC and the local-
ized late-Cenozoic extension inwestern NCC. From such rheological
structures, we can infer the thermal states of the lithosphere when
the extension started; hence gain some insights into the causes of
the two phases of extension in the NCC.
4.1. Diffuse extension in eastern NCC
The Mesozoic to early Cenozoic extension in eastern NCC was
diffuse and widespread, with closely spaced (10e20 km) horsts and
grabens (Fig. 2b). We used 2-D plane-strain models to investigate
the necessary rheological structures of the lithosphere to produce
such extension. The model domain includes a viscoplastic litho-
sphere and a viscous asthenosphere. Extension results from the
imposed uniform velocity to the right side of the model domain;
the left side is horizontally fixed and vertically free-slip. To
conserve mass (volume), the bottom boundary allows passive up-
welling of the asthenosphere as the lithosphere thins. The top of
the model domain is a free boundary.
We show here the results of three typical rheological structures:
A: a “coupled jelly sandwich”; B: a “jelly sandwich”; and C: a
“creme brûlee”. These rheological models represent a cold and
strong, a moderate, and a hot and weak lithosphere, respectively
[48]. These rheological structures are simplified in the model with
uniform properties in each layer (left plots in Figs. 3e5). The
rheological parameters of these cases are given in Table 1. For the
Creme brûlee model and the Jelly sandwich model, we tested withFig. 3. Strain rates of the “coupled jelly sandwich”model lithosphere after 5% extension. The
are in Table 1.
Fig. 4. Strain rates of the “jelly sandwich” model lithosphere after 5% extension. The left dia
Table 1.a range of viscosity values: 1 1024  1 1027 Pa,s for the crust
and 1 1020  1 1023 Pa,s for the mantle lithosphere. The vis-
cosity of 1  1021 Pa s is assumed for the asthenosphere.
Fig. 3 shows the model results with 5% extension of a strong
lithosphere (Model A, the “coupled jelly sandwich” case in Table 1).
Inclusion of plasticity in the model allows strain localization, as
shown in previous studies [45,49]. The details of the predicted
strain rates vary with the random perturbation of the initial
strength in themodel, but the general patterns are robust: localized
strain in the strong mantle lithosphere, and more diffuse strain in
the crust. The sharp strength contrast between the crust and the
mantle causes some localized strain as detachment zones near the
base of the crust.
When the lithosphere has a weak lower crust between the
relatively strong upper crust and mantle lithosphere - in other
words, a simplified “jelly sandwich” rheological structure (Fig. 4)
[48], the strain pattern is similar: highly localized strain in the
mantle lithosphere, more diffuse strain in the crust, and localized
detachment zones. In both Figs. 3 and 4, the localized extensional
fault zones are spaced 100e200 km apart, comparable to the
thickness of the whole lithosphere. This spacing is one order of
magnitude larger than that observed in eastern NCC. These results
are similar to those suggested in previous studies of a strong lith-
osphere [50]; they are incomparable with the diffuse extension in
eastern NCC during the Mesozoic and early Cenozoic.
Fig. 5 shows the results of a creme brûlee model, which de-
scribes the rheological structure of a hot lithosphere whose mantle
lithosphere loses much of its brittle strength, so the mechanical
strength resides mainly in the brittle upper crust [48]. We simplify
the creme brûlee model with a viscous mantle lithosphere same as
the asthenosphere, but keep a uniform plastic strength for theleft diagram shows the rheological model used in this case. The rheological parameters
gram shows the rheological model used in this case. The rheological parameters are in
Fig. 5. Strain rates of the “creme brûlee” model lithosphere after 5% extension. The left diagram shows the rheological model used in this case. The rheological parameters are in
Table 1. The color scale is different from that used in Figs. 3 and 4 for better visualization.
Table 1
Rheological structures used in the models.
Model Upper crustal viscosity (Pa.s); yielding stress (Pa) Lower crust viscosity (Pa.s) Mantle lithosphere viscosity (Pa.s); yielding stress (Pa)
A: coupled jelly sandwich 1  1025; 1  107 modeled as the upper crust 5  1023; 2  108
B: jelly sandwich 1  1025; 1  107 5 1021 5  1023; 2  108
C: creme brûlee 1  1025; 1  107 modeled as the upper crust modeled as the asthenosphere
Fig. 6. Simplified lithosphere thickness across western NCC and the Shanxi Graben
(SXG), based on seismological studies [32,54,55]. TM: Taihang Mountains; LAB:
lithosphere-asthenosphere boundary.
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widespread, with a spacing of ~20 km (comparable to the crustal
thickness). The general extension patterns are comparable to those
in eastern NCC during the Mesozoic and early Cenozoic.
In all these models we gave an initial random strain perturba-
tion, which seeds initial plastic strain. With strain softening, strain
tends to accumulate and localize e in other words, strain softening
helps to stabilize the strain pattern. Thus the detailed patterns of
strain distribution would differ slightly among various numerical
runs, depending on the initial perturbation and the schemes of
strain softening, but the general patterns of strain distribution as
shown in Figs. 3e5 would remain the same. Furthermore, because
our main interest here is the general strain patterns rather than the
details of strain evolution, the results are shown for 5% of cumu-
lative strain. Running longer times for greater cumulative strain
will alter the details of the results but does not change the general
strain patterns.4.2. Localized extension in western NCC: the Shanxi Graben
The late Cenozoic tension in NCC is localized within narrow rift
systems around the Ordos block (Fig. 1). The Shanxi Graben, about
500 km long and 40 kmwide, is the largest of them. It is well known
for the intensive seismicity - more than 30 large (M > 6) earth-
quakes, including a couple of ~M 8 events, occurred within the
Shanxi Graben during the past 700 years [51].
Previous explanations for the Circum-Ordos rifts, either attrib-
uting them to the differential extrusion of Asian continents [42,52]
or to regional extensional stresses [21], cannot explain the locali-
zation of rifting around the Ordos, which is the core of the western
NCC and surrounded by thick lithosphere. The Shanxi Graben, for
example, is located between the Ordos and the Taihang Mountains,
within the thick western NCC lithosphere. The lithospheric thins
from >150 km under the Ordos to <100 km at the foothills of the
Taihang Mountains [39,53e55], where strain should localize if the
lithosphere is subjected to extensional stress (Fig. 6).
We developed a series of 2D models to investigate the critical
factors for extension to localize in the Shanxi Graben. The model
domain represents an east-west cross section of the Shanxi Graben.
The lithosphere thins from west to east, as indicated by the seis-
mological results (Fig. 6), although the details of lithospheric
thickness are subjected to different interpretations. We took a
moderate range, from 160 km under the Ordos to 80 km under the
North China Plain. The previously proposed causes of the LateCenozoic extension can be represented by two types of forces: the
far-field extensional force related to stretching of the lithosphere,
and a basal traction associated with mantle flow. In the model,
these two types of forces are respectively represented by a uniform
velocity boundary (Vx ¼ 10e100 cm/yr) imposed on the eastern
side of the NCC lithosphere, and a distributed velocity imposed on
the base of the lithosphere. Velocity is use for the boundary con-
ditions here instead of stress, because stress is more difficult to
constrain and varies with the assumed rheology. The western side
of model domain is horizontally fixed ðVx ¼ 0Þ. Both left and right
sides are vertically free-slip boundaries. The bottom is a horizon-
tally free slip boundary and the top is a free boundary. The viscosity
is 1 1023Pa,s and 1 1020Pa,s for the lithosphere and astheno-
sphere, respectively, and a plastic yielding stress of 2 108Pa is
used for the lithosphere.
Fig. 7 shows the strain distribution after 10% extension by uni-
form stretching (Fig. 7a) or with additional basal traction (Fig. 7b).
In both cases, strain is distributed mainly within the thin litho-
sphere of the North China Plain, with the highest strain rates at the
foothill of the Taihang Mountains, where the thin lithosphere
changes to the thick western NCC lithosphere. Note that no sig-
nificant strain is predicted under the Shanxi Graben, which is
located within the relatively thick western NCC lithosphere. These
results indicate that the lithospheric thickness controls the distri-
bution of strain when constant lithospheric properties are
assumed. In this case, extension would initiate and localize along
the foothills of the Taihang Mountains, rather than within the
Shanxi Graben.
To localize strain in the Shanxi Graben requires some preexist-
ing weakness in the underlying lithosphere. We rerun these nu-
merical experiments with a preexisting weak zone under the
Fig. 7. The predicted strain rates within the lithosphere after 10% extension. The top
grey areas show the topography along the profile. (a) Results from imposing a uniform
stretching of the lithosphere. The model domain extends to 160 km depth and includes
asthenosphere above this depth; only lithosphere is shown in the figure. (b) Results
when both lithospheric stretching and basal traction are applied. SXR: Shanxi rifting
system (Shanxi Graben); TM: Taihang Mountains.
F. Lin, M. Liu / Geodesy and Geodynamics 10 (2019) 363e371368Shanxi Graben. The weak zone has a plastic yielding strength one
order of magnitude lower than the rest of the lithosphere. The re-
sults are shown in Fig. 8. In both cases high strain is still predicted at
the foothills of the Taihang Mountains, as in the cases of homoge-
neous lithosphere (Fig. 7). However, and not surprisingly, signifi-
cant strain is also localized under the Shanxi graben because of the
preexisting lithospheric weakening.
In Figs. 7 and 8 the entire lithosphere is homogeneous with
constant property, a first-order simplification. Fig. 9 shows the re-
sults of the model with a weaker crust (lower yield strength) than
themantle lithosphere. The results differ in some details from those
in Figs. 7 and 8, such as broader strain distributions under the
western edge of the North China Plain, but the main features
remain the same: extensional strain is localized near the foothills of
the Taihang Mountains; the development of the Shanxi Graben
requires some preexisting weakness of the lithosphere under it.
5. Discussion
Unlike most stable cratons in the world, the North China Craton
became rejuvenated during the Mesozoic, experiencing two major
phases of extension and magmatism since then. The causes of
cratonic destabilization are not clear; they probably involveFig. 8. The predicted strain rates within the lithosphere after 10% extension, with a
preexisting weak zone under the Shanxi Graben (indicated by the dashed lines). The
top grey areas show the topography along the profile. (a) Results from imposing a
uniform stretching of the lithosphere. The model domain extends to 160 km depth and
includes asthenosphere above this depth; only lithosphere is shown in the figure. (b)
Results when both lithospheric stretching and basal traction are applied. SXR: Shanxi
rifting system (Shanxi Graben); TM: Taihang Mountains.subduction, which provides heat, water, and volatiles that could
weaken the overriding plate and facilitate the removal of the thick
cratonicmantle lithosphere by delamination or convective thinning
[4,56]. The NCC collided with the South China block during late
Paleozoic to early Mesozoic, with the northern edge of the South
China block subducting under the NCC [57]. Whether the subduc-
tion of South China, or subduction of the paleo-Pacific plate, played
a major role in the rejuvenation of the NCC remains to be deter-
mined. In any case, the NCC rejuvenation likely involved significant
removal of the cratonic mantle lithosphere.
5.1. Mesozoic e early Cenozoic extension in eastern NCC
In this study, we have used numerical models to show that the
diffuse and widely distributed Mesozoic-early Cenozoic extension
in eastern NCC requires a weak and thin lithosphere, i.e., significant
removal of the mantle lithosphere under NCC. This process is
similar to diffuse crustal extension in many other places. For
example, the Basin and Range province in western US has experi-
enced widespread extension and volcanism since mid-Cenozoic
[58,59]. Similar to North China, the lithosphere in Basin and
Range has been significantly thinned [60,61]. The upper mantle is
abnormally hot, as indicated by the gravity [62], surface heat flux
[63], and seismic data [61,64,65].
Significant lithospheric thinning under eastern NCC is inde-
pendently inferred from geochemical studies [33]. Studies of
xenolith suggest that eastern NCC was 150e180 km thick in early
Mesozoic, and was thinned to nearly 50 km in early Tertiary [66].
The widespread Mesozoic-early Cenozoic basalts in eastern NCC
[31,32] also imply decompressional partial melting of the
asthenosphere or detached mantle lithosphere at the depth range
of 50e70 km [67].
In this studywe focused on the extension styles. We have shown
that the diffuse crustal extension indicates a weak and thin litho-
sphere, consistent with previous numerical studies [50]. The
~20 km spacing between horsts and basins, as seen in eastern North
China, suggests that the lithospheric strength resides mainly in the
crust. The mantle lithosphere is either mechanically removed or
thermally weakened such that the rheological structure of the
lithosphere is analogs to a “creme brûlee”e soft material capped by
a hard shell [48].
5.2. Late Cenozoic extension in western NCC
Previously proposed driving mechanisms, either tectonic stress
associatedwith the Indo-Asian collision or basal traction exerted by
mantle flow, cannot readily explain late Cenozoic extension in
western NCC, which was localized around the Ordos, within the
relatively thick (>150 km) lithosphere not significantly affected by
the Mesozoic lithospheric thinning. We have shown that, without
preexisting weakness around the Ordos, the expected extension
would have been localized along the foothills of the Taihang
Mountains, which is the boundary between the thin lithosphere
under eastern NCC and thick lithosphere under western NCC.
What causes the preexisting weakness in the lithosphere? The
most likely candidate is the collision zones during the formation
of the NCC basement in the Achaean and Paleoproterozoic. The
NCC basement was formed by collision and amalgamation of two
Achaean blocks, the Western Block and the Eastern Block, around
1.8 Ga (Fig. 10) [1,68]. The late Cenozoic rifts in western NCC are
located within the collision zones. The Shanxi Graben formed
within the Trans-North China orogen, the collision zone between
theWestern and Eastern blocks formed ~1.8 billion years ago. The
Yinchuan-Hetao rifts are within the Khonodalite Belt [69,70], a
collision zone during the formation of the Western Block even
Fig. 9. The predicted strain rates within the lithosphere after 10% extension in a model that assumes lower yield strength in the crust than in the mantle lithosphere. (a)e(b)Results
of a uniform crustal and mantle lithospheric strength, with (a) uniform stretching of the lithosphere and (b) both lithospheric stretching and basal traction. (c)e(d) Results of
including a preexisting weak zone under the Shanxi Graben (indicated by the dashed lines), with a uniform stretching of the lithosphere (c) and both lithospheric stretching and
basal traction (d). SXR: Shanxi rifting system (Shanxi Graben); TM: Taihang Mountains.
Fig. 10. Tectonic subdivision of North China Craton. Comparison with Fig. 1 shows that the Shanxi-Weihe rift system is located within the Trans-North China orogeny, the collision
zone between the Eastern and Western blocks during the formation of the North China Craton. The Yinchuan-Hetao rifts are located within the Khondalite belt, the collision zone
between the Ordos Block and the Yinshan Block in the formation of the Western Block. From [1].
F. Lin, M. Liu / Geodesy and Geodynamics 10 (2019) 363e371 369earlier (Fig. 10) [1]. Although NCC has behaved as a relatively
coherent block in the subsequent geological evolution, the
inherent heterogeneity between these two blocks likely
contributed to the differential geological evolution within the
NCC. The Mesozoic-early Cenozoic thermal rejuvenation caused
extension and magmatism in eastern NCC but largely spared
western NCC, and the late Cenozoic extension in western NCC is
localized within the Archean-Paleoproterozoic collision zones
around the Ordos Block, the core of the Western Block. These
results demonstrate the important geological inheritance in
continental tectonics, which is expressed in the fundamental
concepts of plate tectonics such as the Wilson Cycle [71], conti-
nental drifts, and supercontinents.Around Ordos, localized lithospheric thinning is revealed under
the Shanxi and other Circum-Orods rifts [54], but this is a chicken-
egg problem ewe cannot ascertain whether a preexisting thinning
in the lithosphere caused rift, or rift caused the localized litho-
spheric thinning. It is probably the latter, because no clear litho-
spheric thinning is found under the un-rifted boundaries of the
Ordos. Thus, the preexisting lithospheric weakness around Ordos is
probably more in the change of compositions than in structures.
6. Conclusions
We have used 2-D numerical models to investigate the rheo-
logical structures of the lithosphere needed to produce the two
F. Lin, M. Liu / Geodesy and Geodynamics 10 (2019) 363e371370phases of crustal extension in the North China Craton. Conclusions
we can draw from this study including the following.
1) The Mesozoic-early Cenozoic diffuse and widespread extension
and magmatism in eastern NCC require a thin and weak litho-
sphere, which is probably the result of delamination or thermal
erosion of the cratonic root under eastern NCC. The close
spacing of the horst and graben structures in eastern NCC in-
dicates that the mantle lithosphere was either sufficiently
weakened to lose its mechanical strength or entirely removed
by delamination.
2) The localized rifting during late Cenozoic in western NCC
occurred within a relatively strong and thick lithosphere. Nu-
merical results show that the necessary condition for the for-
mation of the Circum-Ordos rift zones is preexisting lithospheric
weakening; without it the expected extension would have
localized along the foothills of the Taihang Mountains, where
the thick western NCC lithosphere changes to the thin litho-
sphere under eastern NCC. These preexisting weak zones are
most likely inherited from the Archean-Paleoprotozoic collision
that formed the North China Craton.
3) The extension and magmatism in the NCC demonstrate the
importance of geological inheritance in controlling tectonic
evolution of continents.
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